The visible fluorescence of terbium(III) when bound to a calcium binding site of thermolysin is greatly enhanced with an excitation maximum at 280 nm but substitution of cobalt(II) for zinc at the-active site decreases the intensity by 89.5%. Treatment with N-bromosuccinimide quenches enzyme tryptophan and Tb(III) fluorescence to a similar extent and suggests the operation of tryptophan Tb(III) -Co(II) energy relay system in the enzyme. Dipoledipole radiationless energy transfer between the Tb(III) donor and the Co(II) acceptor can account for this quenching. The inherent characteristics of the metal pair limits the value of the orientation factor, K2, of the Fbrster equation, thereby reducing uncertainties in distance measurements by energy transfer compared with other systems. A quantum yield of 0.51 yields a value of Bo, the distance for 50% energy transfer, of 19.6 A, and a distance, R, between Tb(III) and Co(II) of 13.7 A, a value identical to that measured for the distance between the active site zinc atom and calcium atom number 1 by x-ray analysis in native thermolysin crystals.
The substitution of paramagnetic, chromophoric metal ions, e.g., Co(II), Cu(II), or trivalent lanthanides, for spectroscopically silent ions which are native to metalloenzymes, e.g., Ca(II), Mg(II), or Zn(II), has proven increasingly useful in the study of their structure-function relationships (1) . In the arsenal of spectroscopic techniques, fluorescence measurements offer particular advantages, since they can be employed in the study of biological molecules at relatively low concentrations. Certain of the lanthanide ions, principally Tb(III) and Eu(III), can exhibit considerably enhanced fluorescence when replacing Ca(II) in calcium-dependent proteins (2) (3) (4) or when bound to nucleic acids (5) . Radiationless energy transfer is now an established means to probe distance relationships between organic fluorophoric donors and organic chromophoric acceptors (6, 7) .
We have now monitored energy transfer between metal ion donors and metal ion acceptors and thereby measured distances between different metal ion sites of thermolysin, a metalloendopeptidase whose metal content and three-dimensional structure are known (8, 9) . It contains one Zn and four Ca atoms in the native state (10) . The Zn atom can be replaced by Co2+ to yield a product with twice the activity of the native zinc enzyme (11) . Further, three of the four Ca sites may be occupied by trivalent lanthanide ions to the exclusion of all Ca atoms (12) . The Ca site which is substituted most readily, number 1, is only 13.7 A from the active Zn binding site (12, 13) . The spectral overlap between the Tb(III) fluorescence and Co(II) absorption is sizable (Fig. 1 ).
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Hence, Co(II) and Tb(III) substituted thermolysin favors obh servation of inter-ion energy transfer and, owing to its known structure, provides a suitable benchmark for future distance determinations using this technique. EXPERIMENTAL Thermolysin, obtained from Calbiochem (San Diego, Calif.), was recrystallized and rendered zinc free as described (11) . Enzyme concentrations were determined by measuring the absorbance at 280 nm, based on the reported absorbance E1%280 = 17.65 (14) and a molecular weight of 34,600 (8) .
The enzyme was assayed spectrophotometrically using furylacryloylglycyl-L-leucyl amide (11 (Fig. 3A) . Conversely, Zn2+ completely reverses the quenching effect of Co(II) (Fig. 3B ) by displacing Co(II) quantitatively from the active site of the enzyme. The fluorescence intensity of the resultant Tb(III)-Zn-thermolysin is identical to that to which zinc alone has been added but slightly greater than that of zinc-free-Tb(III)-thermolysin ( Fig. 3A and B) . The quenching effect of the absorption band of Co(II) in its distorted tetrahedral environment is sizable, and consequently energy transfer is efficient with Ro, the critical distance for 50% energy transfer of Forster's theory (20, 21) , in the range from 16 to 24 A. In the carboxypeptidase studies, the distance of the dansyl fluorophore from the cobalt site was altered as a function of the chain length of the polypeptide substrate, and, indeed, Forster type dipole-dipole energy transfer accounted quantitatively for the variation of fluorescence quenching. The present energy relay system is analogous in some respects, since the Tb(III) ion can be thought to take the place and role of the dual donor-acceptor function of the dansyl blocking group of the substrate. The maximum in the Tb(III) excitation spectrum at 280 nm and the parallel destruction of both enzyme fluorescence at 332 nm and Tb(III) fluorescence in the visible region upon treatment of the enzyme with N-bromosuccinimide ( Table 1) implicate energy transfer from tryptophan to Tb(III) as a source of Tb(III) excitation. N-bromosuccinimide is thought to modify tryptophan primarily, but it is also known to alter other side chains of protein residues. Thus, while the present experiments are highly suggestive, elucidation of the involvement of tryptophan in the energy relay system requires further study. The spectroscopic properties of Tb(III) and the dansyl group differ markedly, since Tb(III) is a much weaker absorber of radiation and, necessarily, emits fluorescence of much lower intensity. Indeed, in zinc carboxypeptidase the tryptophan dansyl energy transfer is efficient enough to quench tryptophan fluorescence by about 30% (18) . In contrast, in Zn thermolysin, possibly due to its much weaker absorption, Tb(III) does not measurably quench tryptophan fluorescence. Thus, inefficient energy transfer may be measured readily by monitoring the fluorescence emission of the acceptor, even when quenching of the donor fluorescence is not detectable.
In view of the novel demonstration of energy transfer between two metal atoms of an enzyme, we will concentrate on the energy transfer from Tb(III) to Co(II), the second step of the postulated energy relay system. In this regard, determination of the consistency between the observed quenching of the Tb(III) fluorescence with Forster type dipole-dipole radiationless energy transfer is clearly critical. According to Forster (20) , the quenching of fluorescence owing to dipole-dipole energy transfer is given by F/Fo = 1/[1 + (Ro/R)6] [1] where F and Fo are the fluorescence intensities in the presence and absence of energy transfer, respectively; R is the donor-acceptor separation, and Ro is the critical distance for 50% energy transfer given by Eq. [2] . Ro6 = 8.78 X 10-a5K2Qnr4J cm6 [2] where K is the dipole-dipole orientation factor, Q is the donor quantum yield in the absence of energy transfer, n is the refractive index of the intervening medium and J is the spectral overlap integral given by Eq. [3] . co j F(v)C(jV)jV4dv [3] where e(v) is the molar extinction coefficient of the acceptor in units of cm-1 M-1 and v is the frequency in cm-1. Experimentally, the quenching effect of Co(II) in the cobalt-Tb(III)-thermolysin relative to that of the zinc enzyme is F/Fo = 0.105 I 0.010. Since lanthanide ions most readily substitute for the Ca atom of site 1 of thermolysin (12, 13) , in the following it has been assumed that Tb(III) occupies this site, consistent with other considerations (see below). Co(II) occupies the Zn site (11) which is separated from the Tb(III) site by R = 13.7 A, based on x-ray structure analysis, yielding an Ro value of 19.6 A. The absorption spectrum of Co(II) thermolysin (11) and the Tb(III) fluorescence spectrum ( Fig. 1) jointly permit calculation of the spectral overlap integral, J, of 5.92 X 10-16 M-' cm3, a value slightly less than half of that for the dansyl-Co(II) system (18) . This leads to an experimental value of 0.108 for K2Qn -4, a reasonable result when considering the three component quantities in turn.
The orientation factor, K2, has been a source of considerable uncertainty in the interpretation of energy transfer measurements in terms of distances. For rigidly held donor and acceptor dipoles, K2 can assume values between extremes of 0 and 4. In most calculations it has been set equal to i, the value of K2 for randomly oriented donor and acceptor dipoles. This cannot be expected to hold generally, however, and particularly not when the architecture of the protein constrains the planar, organic donor fluorophore and acceptor chromophore to unknown but varying degrees; or when either the donor or acceptor or both are allowed some conformational latitude, but are not free to orient themselves isotropically, resulting in a serious problem for the estimations of distances. The range of Kc2 values under specific circumstances has recently been examined in detail (22, 23) . Our previous work involving a metal ion acceptor represents one approach designed to reduce the magnitude of error introduced by the uncertainties in K2 (18) . The triply degenerate or nearly degenerate acceptor level of the cobalt(II) chromophore at the active site of carboxypeptidase A renders it a nearly isotropic acceptor, even though the protein holds it rigidly. For the purposes of energy transfer, a metal atom with 3-fold or higher degeneracy in its donor or acceptor levels is equivalent to a donor or acceptor chromophore which orients itself randomly and rapidly with respect to the fluorescence lifetime. When suitable for a given protein the present inorganic inter-metal energy transfer system would seem to offer two real and distinct advantages as a distance probe over that of organic fluorophore-chromophore pairs usually studied: (1) relative to organic donor-acceptor pairs the metal ion pair is held rigidly in specific enzyme sites and the distance involved is unambiguous and well defined; and (2) both the donor and acceptor energy levels possess degeneracies or near degeneracies which virtually eliminate the relative orientation problem, confining the value of K2 to about % and, hence, justifying its use. This value of K2 is employed in our subsequent analysis.
The refractive index of water is 1.33 while that of many organic molecules is near 1.39. The effective refractive index of the medium between the Zn and Tb(III) sites in thermolysin is probably within these limits. These two extremes lead to n-4 values of 0.320 and 0.268, respectively.
The quantum yields, Q, for the 5D4 level of Tb(III) in various environments range from about unity for Tb(III) in certain inorganic glasses (24) to 0.042, for the aquo ion (25) . Values of Q may be obtained from the relation, Q = 7/To, where r is the measured fluorescence lifetime and To is the intrinsic lifetime of the level in the absence of radiationless processes. A r value of 1.27 ms has been reported for Tb(III) in transferrin (2) . In order to estimate ro, which strongly depends on environment (25) , the integrated absorption of the level in question is required (24) . The limited solubility of Tb(III)thermolysin together with the extremely weak absorption of Tb(III) precludes such experimental determinations for this system. At present, the quantum yield of Tb(III) in a model system represents the only feasible, alternative basis from which to estimate that of Tb(III) in an enzymatic environment. Terbium(III) acetylacetonate monohydrate seems to be the only complex appropriate for this purpose studied so far. In that instance Tb(III) occupies a low-symmetry site, coordinated to oxygen atoms of the chelating ligands and a water molecule, and ro has been given as 2.5 ms (25) . On this basis for Tb(III) in transferrin a quantum yield, Q, of 0.51 is obtained. Taking K2 as i and the range of n 4 values of 0.320-0.268, our fluorescence quenching data give Q in the range 0.5-0.6, respectively, of the same order as that estimated for Tb(III) in transferrin. Thus, the Forster theory of dipole-dipole energy transfer can account for the observed quenching of Tb(III) fluorescence by Co(II) in thermolysin.
In fact, using the value of Q = 0.51, n-4 = 0.32, K2 = and J = 5.92 X 10-16 M-l cm3, a value of Ro of 19.6 A is calculated which then yields a value of R of 13 Conformational changes affecting the tryptophan to Tb(III) energy transfer may account for both the small increase in fluorescence upon addition of Zn2+ to the zinc-free Tb(III)-thermolysin and the minor absorption spectral changes in the 290 nm region previously observed upon addition of zinc to apothermolysin (11) .
The separation of 13.7 A between the sites of Mn(II), which also binds at the Zn site (11) , and Tb(III) would appear to preclude any significant overlap between their orbitals, and hence the minor quenching effect of Mn2+, about 15%, (Fig. 3) Inter-metal ion radiationless energy transfer in a protein has not previously been reported. § The study of inter-lanthanide energy transfer in protein systems may also prove fruitful in other protein systems where appropriate hybrid substitutions can be made. Such studies might settle whether inter-lanthanide energy transfer is dipole-dipole (24, 28) or dipole-quadrupole (26, 27) in nature.
The efficiency of Tb(III) to Co(II) energy transfer is comparable to that of the dansyl-Co2+ pair (18) and, hence, provides an effective new distance probe for biological macromolecules, particularly when considering the elimination of problems generally associated with the estimation of 2. The Tb(III)-Co(II) energy transfer is efficient over a relatively long range. Only a few fluorophore-chromophore pairs, such as the strongly absorbing heme acceptors (7), exceed the Ro value observed here. Tb(III), probing the distance to absorbing metal ions, may complement Gd(III), which probes nuclear relaxation over a somewhat shorter range (29) . Since both types of probe depend on distance as a function of R6 their joint use in the same system could provide detailed structural information regarding, e.g., a 13C-labeled substrate at the active center of a Ca, Zn enzyme. The Tb(III) -Co(II) distance probe, calibrated here in a system of known structure, may be applicable to numerous calciumcontaining proteins (30) , e.g., the bacterial neutral proteases (31) and concanavalin A (32) , which also contain a transition metal. Studies of Tb(III) fluorescence quenching as a function of substrate and inhibitor concentrations, pH, ionic strength, and the effects of chemical modification of active sites or even those remote from catalytic residues, may prove capable of signaling conformational changes and perhaps help elucidate the role of calcium. This may also help elucidate its relationship to catalysis.
Finally, we note the intriguing possibility of introducing a fluorophoric lanthanide donor probe or a transition metal ion-acceptor into a protein via chemical modification of specific amino acid residues with a chelating agent such as the EDTA derivative reported recently (33) . Success might generalize the method to encompass the extensive number of transition metal or calcium-containing proteins which are normally devoid of auxiliary metal binding sites in the na-
